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Rapid population growth, increasingly complex economies and novel industrial uses of
agricultural products call for further intensification of agriculture, particularly in the tropics.
How to achieve sustainable intensification of food production systems in tropical regions
that are challenged by ongoing climate change, loss of natural resources and biodiversity
is a matter of debate. Here we highlight the major knowledge gaps in agricultural research
and policy that must be addressed to develop adequate governance and regulatory
frameworks for sustainable agricultural intensification. They include quantification of the (i)
value of (public/private) goods generated by ecosystem services, (ii) costs to conserve the
natural resources and biodiversity that maintain ecosystem services, and (iii) true costs of
different types of agriculture (in environmental, social, and health dimensions) as well as
(iv) required adaptations that will make alternative farming strategies feasible at a global
scale. We discuss the synergies and potential of agro-ecology and organic agriculture
to transform our food systems and highlight the importance of controlling demand
for food through societal (behavioral) and political (structural) changes in agricultural
value chains. Finally, we review the sustainability standards and participatory guarantee
systems in developed and developing countries, respectively, and argue that exemplars
from developed countries could be role models in adapting governance and regulatory
frameworks for developing countries.
Keywords: sustainable intensification, tropical agro-ecosystems, organic agriculture, agro-ecology, biodiversity
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RATIONALE FOR SUSTAINABLE INTENSIFICATION
Population growth, urbanization, industrial uses of agricultural products (e.g., biofuels) and the
increasing demand for varied diets pose an unprecedented challenge to global agriculture. To
tackle these issues, several authors have called for further agricultural intensification (Mueller et al.,
2012; Lampkin et al., 2015). How to achieve greater production of food, fiber and fuel in the
near future is a matter of debate, as “conventional intensification” implies intensive use of inputs
(seeds, fertilizers, and pesticides) to maximize productivity, whereas “ecological intensification”
refers to alternative farming systems that respect and conserve natural resources while generating
acceptable farm income (SCAR, 2011; Malezieux, 2012; Bommarco et al., 2013). Scholars agree that
agricultural intensification needs to be “sustainable,” bringing the term “sustainable intensification”
on the agenda of agricultural research and policy. However, interpretations of the concept of
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“sustainable intensification” differ substantially, and the
discussion often focuses on production, neglecting the
consumption end of value chains (Garnett and Godfray,
2012; Loos et al., 2014). In this paper, we adopted Pretty and
Bharucha’s (2014) definition of sustainable intensification as: “a
process or system where agricultural yields are increased without
adverse environmental impact and without the conversion of
additional non-agricultural land.”
Agricultural intensification on a global scale occurred during
the Green Revolution that tripled the worldwide cereal harvests
between 1950 and 2000, making it possible to provide enough
dietary calories for a world population of six billion by the
end of the twentieth century (Trewavas, 2002). However, Green
Revolution technologies fall within the realm of conventional
intensification since they relied heavily on the use of synthetic
inputs, and exploited natural resources (Nair, 2014). Although
highly productive in the short-term, the large-scale monocultures
of the conventional intensification model possess low genetic
diversity that renders the crops prone to failure due to natural
calamities and epidemics. The negative impacts of conventional
agriculture on human health (inadequate use of synthetic
pesticides) and the environment (groundwater pollution, high
energy consumption for production of inorganic N fertilizers)
is well documented by many authors (Pimentel, 1996; Singh,
2000; Grace et al., 2003; Foley et al., 2005; Chappell and
Lavalle, 2011; Bommarco et al., 2013). We argue that such
practices are not compatible with sustainable intensification of
agriculture, particularly in view of the ongoing climatic changes
and diminishing natural resources.
The necessary evil of converting natural ecosystems
into farmland probably causes the most severe negative
environmental impact of agriculture. In the past century, habitat
conversion increased rapidly due to global population growth
and the availability of new technologies. Arable land decreased
from 0.75 ha per capita in 1900 to 0.35 ha in 1990 and further to
0.2 ha by the beginning of the twenty-first century (Ramankutty
et al., 2002). Similarly, arable land is rapidly becoming scarce
in developing countries, mainly due to high rates of population
growth (Alexandratos, 2005). There is little scope to increase the
area under cultivation in the tropics without additional damage
to natural ecosystems (except for the reclamation of degraded
or deserted lands). Hence sustainable intensification on already
established farmlands is of utmost importance; more intensive
production on the best agricultural land will allow farmers to get
good yields and earn income, which may help avoiding further
habitat conversion.
Large-scale monocultures established during the Green
Revolution resulted in severe biodiversity loss (Stoate
et al., 2001), triggering calls for biodiversity conservation.
There are two main arguments to conserve biodiversity: the
intrinsic value of nature, and the maintenance of ecosystem
functionality/services. Advocates of the first narrative argue that
ecosystem functionality/services alone do not sufficiently justify
biodiversity conservation (Kleijn et al., 2015). Furthermore, they
argue that a number of ecosystem services are non-quantifiable
(e.g., water filtration, aesthetic value, etc.; De Groot et al., 2012).
The second narrative describes ecosystem functionality/services
as private goods of farmers, as functionally important species
contribute to yields (e.g., pollination; Balvanera et al., 2001;
Isbell et al., 2011; Cardinale et al., 2012). This part of biodiversity
is the main focus of ecological intensification (Bommarco
et al., 2013). Monetarizing the intrinsic value of nature is
complicated, because it represents a public good (e.g., wildlife
nutrition; Losey and Vaughan, 2006); estimating the costs to
maintain functionally important species is relatively easier, but
there are still major research gaps such as the identification of
synergies and trade-offs between different ecosystem services.
This information is pivotal to harmonize the management
of ecosystem services with agriculture, for example through
ecological compensation schemes (Lal et al., 2015).
The objective of this article is to highlight the major
knowledge gaps in agricultural research and policy regarding
sustainable intensification of (tropical) agro-ecosystems and
transformation of our food systems. Here we explore the
potential of agro-ecology and organic agriculture to lead the
transformation at the production end of agricultural value chains,
and highlight the need to control food demand through societal
(behavioral) and political (structural) changes. Finally, we (i)
stress the importance of developing adequate governance and
regulatory frameworks, (ii) review some promising sustainability
standards/certification schemes, and (iii) argue that exemplars
from developed countries could guide respective developments
in developing countries.
THE QUEST FOR SUSTAINABLE
INTENSIFICATION OF TROPICAL
AGRO-ECOSYSTEMS
By 2050, the tropics will be inhabited by more than half of
the world’s population (State of the Tropics, 2014). Increases in
food demand are going to be greatest in the tropics, and the
majority of tropical agro-ecosystems offer substantial scope for
intensification. As regions struggling with hunger and poverty
are also characterized by low agricultural productivity and
rapid population growth, food sufficiency at local levels is
pivotal (Tittonell and Giller, 2013). In order to address these
challenges, smallholders need agro-ecosystems with which they
can simultaneously achieve local food security, cash income
and maintenance of natural resource capitals. A multitude of
alternative farming strategies (e.g., ecological, eco-, organic or
biodynamic agriculture, natural farming, permaculture and agro-
ecology) aim at achieving these objectives (King, 1911; McNeely
and Scherr, 2003; Hobbs et al., 2008; Fukuoka and Korn, 2009;
Wezel et al., 2009; Paull, 2011).
Many of these strategies are becoming more popular in
different parts of the world. They all share the objective
to minimize external inputs, enhance system-internal self-
regulation and increase the net returns to society. Furthermore,
they take into account multiple interactions, synergies and
trade-offs between individual parts of the system and build
on the efficient use of locally available resources and adapted
technologies. Agro-ecology and organic agriculture are among
the most prominent alternatives to conventional agriculture.
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Agro-Ecology
Agro-ecology, claimed by its advocates to be the new agricultural
development paradigm (Altieri and Nicholls, 2012), aims
at designing innovative agro-ecosystems using a landscape
approach, and focuses on social innovations in institutions
through dialogs of wisdom (Tittonell, 2013).
Exemplars of sustainable agro-ecosystems include
agroforestry systems which support many ecosystem services
(Table 1) and could reduce financial risks while, in some cases,
having similar returns as coarse-level mixing of trees and
crops on separate fields or monocultures (Paul et al., 2015).
Other examples are traditional systems which are occasionally
managed, e.g., “Dehesas” in Spain or the paddy farms of
Thailand; some of these systems are thousands of years old and
still exhibit high sustainability (Pimentel et al., 1992; Edwards
et al., 1999). Despite producing lower yields of the main crop,
such diversified systems are characterized by resilience to
climatic extremes (Berg, 2002) and high total productivity,
which may minimize risks associated with market fluctuations
for farmers (Andres et al., in press). In addition, intercropping
systems and various forms of crop rotations increase the
abundance of natural pest antagonists, and thereby contribute to
pest control (Wyss et al., 2005; Cook et al., 2007; Zehnder et al.,
2007; Wyss and Pfiffner, 2008; Forster et al., 2013a; Singh et al.,
2015).
While many examples underline the potential of agro-ecology
to address food insecurity and biodiversity loss (Chappell and
Lavalle, 2011), we question the claim of agro-ecology being “the
new agricultural development paradigm” for being somewhat
ideological. After all, the complex nature of diversified agro-
ecosystems renders them more labor-intensive compared to
mechanized cultivation in monocultures, even after the initially
high labor demand is reduced due to self-regulation, and despite
the manifold higher resource use efficiencies (energy, water,
inputs, etc.). In developed countries, particularly the ones with
vast acreage and relatively few people employed in agriculture
(e.g., the US), it is increasingly challenging to engage many
people for manual labor due to the related costs. Hence we argue
that the feasibility of agro-ecology on larger scales in developed
countries is yet to be proven. Overcoming this limitation (e.g.,
through adapted mechanization) remains a challenge for future
research. In developing countries, however, the potential of agro-
ecology seems to be relatively greater, because (i) currently there
is no shortage of cheap manual labor, (ii) mechanization is
largely lacking, and (iii) large acreages that necessarily demand
mechanization are rare.
Organic Agriculture
Organic agriculture is another well-known alternative farming
strategy. With organic agriculture becoming ever more popular
across the globe (Willer and Lernoud, 2015), certain countries
call for its’ consolidation (AU, 2011). Although definition and
practices of organic agriculture vary significantly from “organic
by-default” to “certified organic,” the International Federation of
Organic Agriculture Movements (IFOAM) serves as an umbrella
organization to provide a standardized framework for production
and marketing of organic produce (Paull, 2010).
The main critique of organic agriculture is lower productivity;
opponents claim that organic agriculture needs more land than
conventional agriculture to produce the same amount of food,
and thus adoption on large scales may threaten the world’s
forests, wetlands and grasslands (Trewavas, 2001; Avery, 2006;
Pickett, 2013). Depending on the data considered and the
methodology applied, studies report the organic-conventional
yield gap to range from −25% to zero or even higher yields
in organic (De Ponti et al., 2012; Seufert et al., 2012; Tuomisto
et al., 2012; Ponisio et al., 2015). Since organic systems typically
become competitive only after the initial conversion period
of 3 years (Panneerselvam et al., 2012), long-term studies
showed comparable yields, higher yield stability and higher
yields under extreme weather conditions (Lotter et al., 2003;
Forster et al., 2013b; Ponisio et al., 2015). At the same
time, organic agriculture is significantly more profitable and
has higher benefit/cost ratios than conventional agriculture
when premium prices are considered (Crowder and Reganold,
2015).
Besides the economic advantage, organic systems exhibit
many ecological advantages, e.g., long-term improvement of soil
fertility (Reganold et al., 2001; Mader et al., 2002; Hepperly et al.,
2006; Fliessbach et al., 2007; Teasdale et al., 2007; Birkhofer et al.,
2008). Although it is generally established that organic farms
show significantly higher biodiversity, the extent to which this
contributes to overall conservation efforts is yet to be quantified
(Birkhofer et al., 2014; Tuck et al., 2014). A meta-analysis of
European studies by Tuomisto et al. (2012) showed that organic
agriculture has positive impacts on the environment per unit
area of production, but not necessarily per unit of produce,
which again highlights the need to close the organic-conventional
yield gap.
The majority of the research comparing organic and
conventional agro-ecosystems has been carried out in temperate
environments, and the number of similar studies from the
tropics is limited. In order to obtain the required evidence,
the Research Institute of Organic Agriculture (FiBL) established
four long-term field trials in Kenya, India, and Bolivia (Forster
et al., 2013b). Initial results suggest a high potential of
organic agriculture for ecological intensification of tropical
agro-ecosystems (own unpublished data). However, there are
major research gaps regarding organic crop production in
the tropics, especially regarding pest control and soil fertility
maintenance.
Agro-Ecology or Organic Agriculture?
When comparing the two approaches, we notice that agro-
ecology has a stronger focus on system-internal self-regulation
and social institutions, while the main strengths of (certified)
organic agriculture are channelized market access and regulatory
frameworks. However, similarities among the two approaches
abound: (i) promotion of “closed (cyclic) systems,” (ii) use
of multiple and diverse crops and animals, (iii) capitalizing
on biological processes for pest control and soil fertility
maintenance, and (iv) support of transition pathways toward
ecological intensification of agriculture. Both approaches
combine research with practice (Bellon et al., 2009) and strongly
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TABLE 1 | Benefits provided by agroforestry systems reported in the literature.
Benefit Section of ecosystem
servicea
Division of ecosystem servicea Group of ecosystem servicea Study(s)
Biodiversity conservation,
reduced deforestation
Regulation and
Maintenance
Maintenance of physical,
chemical, biological conditions
Lifecycle maintenance, habitat
and gene pool protection
Rice and Greenberg, 2000; Asare,
2006; Sonwa et al., 2007; Clough
et al., 2009, 2011; Fonte and Six,
2010; Tscharntke et al., 2012; Lal
et al., 2015
Watershed protection Regulation and
Maintenance
Mediation of flows Liquid flows Garrity, 2004
Improved pollination, longer
lifespan of plantation crops
and long-term stable yields,
diversified production,
increased food security,
improved livelihood
Provisioning Nutrition Biomass Ruf and Zadi, 1998; Rice and
Greenberg, 2000; Ricketts, 2004;
Obiri et al., 2007; Bisseleua et al.,
2013; Boreux et al., 2013; De
Beenhouwer et al., 2013; Lal et al.,
2015; Andres et al., in press
Control of pests, diseases
and erosion control
Regulation and
Maintenance
Maintenance of physical,
chemical, biological conditions
Pest and disease control Sperber et al., 2004; Lin, 2011;
Tscharntke et al., 2011; Borkhataria
et al., 2012; Bieng et al., 2013; Gidoin
et al., 2014; Smith Dumont et al.,
2014; Lal et al., 2015
Carbon sequestration,
climate change mitigation
Regulation and
Maintenance
Maintenance of physical,
chemical, biological conditions
Soil formation and composition;
Atmospheric composition and
climate regulation
Verchot et al., 2007; Smith et al.,
2008; Clough et al., 2010; Fonte
et al., 2010b; Saj et al., 2013;
Schroth et al., 2013; Somarriba et al.,
2013, 2014; Jacobi et al., 2014; Lal
et al., 2015
Nutrient cycling Regulation and
Maintenance
Mediation of flows Mass flows Buresh et al., 2004;
Gama-Rodrigues, 2011
Soil fertility improvement Regulation and
Maintenance
Maintenance of physical,
chemical, biological conditions
Soil formation and composition Isaac et al., 2007; Fonte et al., 2010a;
Tscharntke et al., 2011; Barrios et al.,
2012; Mbow et al., 2014; Lal et al.,
2015
Capacity building,
preservation of local
knowledge
Cultural Physical and intellectual
interactions with ecosystems and
landscapes
Intellectual and representational
interactions
Lal et al., 2015
aSection/Division/Group; according to CICES (2016).
advocate societal change, particularly in consumer behavior.
Hence we argue that agro-ecology and organic agriculture
are complementary, and should be combined to address the
challenge of food insecurity in the tropics. By capitalizing on
synergies, many issues of agro-ecosystems could be addressed
simultaneously, be it at the research—policy interface or on the
production and consumption end of value chains.
DRIVERS OF
TRANSFORMATION—GOVERNANCE AND
REGULATORY FRAMEWORKS
While there is an urgent need to address the research gaps
highlighted above, policy action is even more crucial for
the required transformation toward higher sustainability of
food systems and supply chains. To make progress toward
sustainability parameters and indicators outlined in Figure 1,
research and policy priorities need to be addressed together, some
of which are discussed here.
Consumer Preferences and Cost
Internalization
Urban diets have considerably changed in the past half century,
especially in developed countries. Higher consumption of
processed foods, edible oils, sugar-sweetened beverages and so-
called “empty calories” (energy dense but nutrient poor foods),
coupled with the sedentary lifestyle has created the pandemic
of obesity which poses a major economic burden to health
and social systems (Albritton, 2009; Wang et al., 2011). The
“sufficiency” narrative outlined in the third foresight report
of the Standing Committee on Agricultural Research (SCAR)
of the European Commission emphasizes that, in order to
stay within the capacity of system “Earth,” increasing food
demand needs to be mitigated through behavioral change and
structural changes in food systems and supply chains. We need
to (i) educate and motivate consumers to opt for healthier and
sustainably produced food, (ii) implement governance structures
that enhance access to, and affordability of, healthier foods, and
(iii) address the disruptive effect of unregulated trade which could
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FIGURE 1 | Research and policy priorities for sustainable intensification of agro-ecosystems and supply chains. Inner red circle: sustainability indicators;
outer blue circle: sustainability parameters.
facilitate the behavioral change on the consumer side (SCAR,
2011).
In developed countries, we recently witnessed a strong surge
in the demand of sustainable/organic produce, surpassing supply
(Niggli et al., 2014). While this provides opportunities to
market niche products to prosperous consumers, it is certainly
insufficient with regard to the mainstreaming of sustainable
production at larger scales. We also have to consider that
developed countries have, in some cases, been subsidizing
sustainable production to an extent that is not feasible for
developing countries. Therefore, we argue that developing
countries should approach this issue from the consumption side
of value chains: as consumer preferences are highly sensitive
to price, making conventional produce more expensive by
increasing their production costs would increase market demand
for sustainable produce. This could serve as a strong positive
driver for sustainable intensification of tropical agro-ecosystems.
Current policies and market dynamics favor unsustainable
agronomic practices by stimulating the production of single
commodities in large quantities, which are sold at distortedly
low prices at the cost of the environment and ultimately
humankind. Pretty et al. (2000), for instance, reported total
external costs of UK agriculture in 1996 to be 208 £ per ha
of arable land/permanent pasture. Another study concluded
that the non-monetarized costs of pesticide use in Switzerland
amount to at least 50–100Mio Swiss Francs per year (Zandonella
et al., 2014). If these costs would be internalized, conventional
produce would become more expensive and sustainable produce
more competitive. This may translate into a shift toward
higher sustainability of agricultural production (Fry and Finley,
2005; Reisch and Gwozdz, 2010). “True cost accounting”
(internalization of external costs) could help to achieve this
objective (Pretty et al., 2001; Tegtmeier and Duffy, 2004).
However, there are major research gaps in the quantification
of the true environmental, social and health costs of different
agricultural production systems. Furthermore, the practical
implementation of such accounting systems is understandably
complex and requires dedicated efforts by policy institutions
based on comprehensive research findings.
Farming systems naturally involve trade-offs among
competing economic and environmental goals. Therefore,
it is important to create the necessary frame conditions that
allow the farmer to prioritize both ecosystem services and
economic benefits. Switzerland’s “multifunctional farmland”
approach (adopted after the 1996 referendum) could serve as an
exemplar in this regard (Baumgartner, 2000).
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Sustainability Standards and Participatory
Guarantee Systems
Certification standards (e.g., Rainforest Alliance, UTZ
Certified, Fairtrade, etc.) integrate sustainable production
practices with biodiversity conservation and protection of
social rights. In comparison to standards focusing on single
aspects, multidimensional standards (e.g., UTZ) target holistic
sustainability of agro-ecosystems by balancing economic, social,
and environmental criteria. Generally, certification seems to
work best when supply/demand ratios in commodity markets are
low, and price premiums high. However, as the supply/demand
ratios increase, sustainability standards lose their attractiveness
because the prices of certified products also decrease. This
puts a question mark behind the long-term sustainability
of certification standards. In some cases, nationalization of
sustainability standards (cf. oil palm sector in Indonesia) may be
adequate.
Consumers who are willing to share these responsibilities
by paying higher prices for sustainable produce appreciate
quality and truthfulness. Despite the tremendous progress
sustainability standards havemade across various sectors, control
mechanisms remain weak in some cases, and there were
media reports accusing certification schemes of being prone
to fraud (Neuendorff, 2012), or even of cheating producers
and consumers (Etahoben et al., 2012). Therefore, assuring
integrity and trustworthiness of sustainability standards is of
crucial importance, and research and policy should join hands
to implement appropriate “checks and balances.”
Generally, farmers profited from sustainability standards by
gaining access to international markets and receiving training,
which improved product quality and helped to conserve natural
resources. However, the expected impact on rural livelihoods has
been limited, particularly in the case of smallholders (COSA,
2013; Potts et al., 2014). Owing to their stronger bargaining
power, processors, traders, retailers and other value chain
players fetch relatively larger benefits compared to smallholders
(Bjorndal et al., 2014; Meybeck and Redfern, 2014). Moreover,
the mandatory conversion periods may discourage conventional
farmers to join certification schemes. Therefore, subsidies or
incentives for “in-conversion phase” farmers could encourage
the adoption of sustainable practices by larger numbers of
smallholders. Furthermore, the additional costs for inspection
and certification remain a serious hurdle. Often, smallholders can
only benefit via group certification, for which they need to form
cooperatives. Against this backdrop, the alternative certification
scheme “Participatory Guarantee Systems (PGS)” was explored.
By putting a focus on smallholders and local consumers, PGS
was successful in different parts of the tropics (Zanasi et al.,
2009; Nelson et al., 2010), and local governments are starting to
recognize its’ role.
Nonetheless, as long as viable governance and regulatory
frameworks are not in place yet, case-by-case decisions about
appropriate certification systems are needed, especially because
their success is context-dependent (farm holdings, cropping
systems, target markets and social organization of local
populations have to be considered). Countries which were at the
forefront of sustainability standards development (e.g., Austria
and Switzerland, where 19.5 and 12.2% of the agricultural
land is under certified organic agriculture, respectively (Willer
and Lernoud, 2015) could provide role models and assist in
the development of appropriate governance and regulatory
frameworks in developing countries.
In conclusion, we emphasize that in order to achieve
sustainable intensification of (tropical) agro-ecosystems and
transform our food systems, the major knowledge gaps outlined
in this paper need to be addressed. We need (i) methods to
quantify the value of ecosystem services and the costs to maintain
them (ii) to know how to adapt alternative farming strategies to
ensure their feasibility at global scale, and (iii) to quantify the
true costs of different types of agriculture. While this knowledge
is crucial to formulate appropriate governance and regulatory
frameworks to trigger the developments outlined in this paper,
we must not forget that research, education, practice and policy
frameworks need to be adapted to local contexts. Finally, we think
that advocates of agro-ecology and organic agriculture should
join hands to tackle this huge challenge.
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